Abstract. The annual cycle and nonseasonal variability of streamflow over western North America and Hawaii is studied in terms of atmospheric forcing elements. This study uses several decades of monthly average stream flow beginning as early as the late 1800's over a network of 38 stations. In addition to a strong annual cycle in mean streamflow and its variance at most of the stations, there is also a distinct annual cycle in the autocorrelation of anomalies that is related to the interplay between the annual cycles of temperature and precipitation. Of particular importance to these lag effects is the well-known role of water stored as snow pack, which controls the delay between peak precipitation and peak flow and also introduces persistence into the nonseasonal streamflow anomalies, with time 
few days and more show that storm activity around the hemisphere is arranged in cells that correspond to the troughs (or negative anomalies of pressure or geopotential) of atmospheric quasi-stationary planetary waves which usually have dimension of several hundred to thousands of kilometers [see, e.g., Madden, 1979] . This wavy character of the atmospheric flow gives rise to remote correlations of the anomaly patterns called "teleconnections," which are pronounced features of time-averaged circulation [Namias, 1981; Wallace and Gutzler, 1981; Blackmon et al., 1984] . As struggled to measure, describe, and forecast precipitation; the difficulty has been its spotty spatial make-up and episodic nature that are symptoms of complex governing dynamics. Fortunately, a significant portion of the precipitation variability can be specified from the anomalous time-averaged atmospheric circulation, using regression techniques [Klein, 1963; Walsh et al., 1982; Weare and Hoeschele, 1983; Cayan and Roads, 1984; Klein and Bloom, 1987] . Spatial averaging of the precipitation appears to improve the resultant relations with the circulation ranging over synoptic time scales to monthly and seasonal phenomena. Numerous studies have related the time-averaged atmospheric circulation to precipitation, but very few have examined its linkage to stream flow, possibly because of complications that might be introduced by surface processes such as evapotranspiration. These processes render stream flow to be only a fraction of the precipitation input to a watershed [see, e.g., Court, 1974] . This fraction varies with temperature, soil, and soil cover, and with meteorological properties; values typically range from greater than 70 percent for high latitude tundra regions to less than 3 percent for deserts [Sellers, 1965] . In California runoff totaled over the state is estimated to be 35 percent of the total precipitation input [State of California, 1979] . There are, however, incentives for studying stream flow variability. Stream flow is a more usable form of water than the precipitation, and streamflow represents a natural spatial and temporal average that filters the noisier precipitation field. In addition streamflow samples high elevation, severe topographic regions where direct precipitation measurements are often sparse, and thus is capable of representing the regions where the input of water is often greatest. An interesting issue that underlies this study is the extent to which the atmospheric circulation "signal" can be distinguished in the monthly streamflow variability.
Stream flows have fluctuated considerably over the instrumental record [e.g., Roden, 1967; Langbein and Slack, 1982; Bartlein, 1982; Meko and Stockton, 1984] and the socio-economic, physical, and biological significance of this year-to-year variability is great. The impact of this variability is particularly strong in the western United States, where water resources are limited. While most of the area east of the Mississippi River receives, on average, an excess of 30 inches (76 cm) of precipitation annually, much of the West is limited to considerably less. With the exception of the coastal Northwest, the surficial water supply is largely derived from high elevation precipitation that is distributed in the form of streamflow. A better grasp of how interannual streamflow variability is driven by the climate system is a first step toward prediction and better management of the water supply. Also, to the extent that stream chemistry is flow related, an associated conn•tion with the streamflow variability is the budget of chemical species in rivers affected by interannual fluctuations in flow driven by climate [Peterson, et al., 1987a; Peterson et al., 1987b] . These natural variations need to be understood in order to quantify man-caused effects.
Visual examination of anomalous streamflow maps [Holmes, 1987] suggests that similar streamflow anomaly patterns emerge from similar winter atmospheric circulation over the North Pacific. As an example, the dependence of streamflow on circulation type is demonstrated in Figure 1 , showing December-March streamflow anomalies within two pairs of winters, each pair sharing a distinct atmospheric circulation pattern. The remarkable difference between the two pairs of maps suggests a rather strong effect of winter North Pacific atmospheric circulation on streamflow in the West. This study is aimed at demonstrating the link between climate forcing and western streamflow. We shall address the following two issues: (1) What is the seasonal behavior of streamflow anomalies and how is it related to atmospheric elements such as temperature and precipitation? and (2) What is the link between the North Pacific winter atmospheric circulation and the streamflow anomalies over western North America?
The text is arranged as follows: data sets employed are described, the seasonal cycle of streamflow over the domain is discussed, an analysis of the linkage with the large scale winter circulation is presented, foreshadowing of anomalous streamflow from seasonal atmospheric indices is discussed, and a view of some regional scale correlations within the streamflow network is shown. American rivers which drain into the North Pacific Ocean in this set are described by Roden [1967] . Nonseasonal (anomalous) variability changes considerably between these rivers. In relative terms the stream with the smallest variability is Fraser River, a large northern river fed by ample snowmelt, whose annual mean flow ranged between 71 percent and 135 percent of its long-term mean. In contrast Arroyo Seco, a small ephemeral stream in southern California occasionally pulsed by floods, ranged from 0 percent to 628 percent of its long-term mean flow. In general these streams exhibited minimum annual discharges from 20 percent to 60 percent of their long-term mean and maximum annual discharges from 150 percent to 250 percent of their long-term mean. Estimates of the average annual flow per unit area for the watersheds, obtained by dividing the mean annual discharge by the total area of the drainage basin, are also presented in Table 1 [Diaz, 1980] . Representative monthly precipitation for the three Canadian streams was constructed by averaging selected stations with long precipitation records extracted from the National Center for Atmospheric Research monthly mean surface data set. No precipitation analyses were carried out for the two Hawaiian streams because regional average precipitation and temperature data were not conveniently available for the Hawaiian stream basins, and because of concern that precipitation at single stations might be corrupted by local effects such as topography.
Data and Data Processing
Because precipitation and streamflow observations often deviate from a normal distribution, they are sometimes transformed to minimize these non-normal effects [e.g. Klein and Bloom, 1987] . Also, because instrumental records may have picked up a non-natural component because of man-caused effects, they are sometimes treated by removing part of their low frequency content (e.g., by removing the linear trend [Namias, 1978b] ). To guard against drawing improper conclusions that might have arisen from either of these properties, the analyses herein were carried out on two versions of the streamflow time series. One version was first detrended by removing each month's linear trend individually, then log transformed, and then "anomalized" by removing long-term monthly means of the resultant series. The second version was the original monthly data with only monthly means subtracted but no trends removed and with no transformations. Comparison of the two sets of analyses yielded similar results, suggesting that the trend removal and the log transformation were not necessary. Inspection of the monthly trends showed them to be relatively small for most of the stations included. The Sacramento River at Verona shows a rather large increasing trend, but this is thought to result from the fortuitous timing with the record starting at the beginning of a prolonged dry spell from the late 1920's to the mid-1930's and the record ending just after a remarkably wet period in the early 1980's. Furthermore, many of the analyses employ the time-averaged anomalies of December-August streamflow, a 9-month period that has considerably less skewness than the series from an individual month. For these reasons nearly all of the analyses shown here are those that used the original nontreated data.
To study anomalous behavior in this system the annual cycle of each of the variables was removed by subtracting the long-term monthly mean. For stream flow the entire length of record was used to construct the longterm mean. This period ranged from 36 to 96 years for the 38 streams. A careful account of precautions necessary for interpreting streamflow records is presented by Roden [ 1967] . For SLP and the precipitation, the 40-year period from 1946-1985 was taken as the climatological base. To investigate the winter circulation influence on the resulting streamflow, the December-August (winter through summer) total streamflow is employed for several of the analyses. This period accounts for the bulk of the streamflow in the basins considered here, since western streams typically undergo a low flow interlude in fall. For most of the streams the average December-August stream flow was 80 percent or more of the annual mean flow; overall it ranged between 67 percent (Gold Creek, Alaska) and 96 percent (Cosumnes, Merced, and Kings Rivers). This seasonality is apparent in Figure 2 showing histories of streamflow through the 12 months for each year at Umpqua River in coastal Oregon, John Day River in interior Oregon, and Weber River in northern Utah. These three rivers, representing low, moderate, and high elevation watersheds, are also used to illustrate various properties of the streamflow in the following section. Average anomalies in Figure 3 . The statistical significance of the cross-correlation and compositing analyses carried out in this study depends on the number of independent samples in the streamflow time series. The number of independent samples is less than the number of months of observations because of autocorrelation in the streamflow. The time between independent samples was estimated by integrating the autocorrelation function [Leith, 1973] . This integral time scale is only a rough approximation, owing to the limited record length of the sample and because the autocorrelation structure varies with season for most streams. In this case the autocorrelation and the resultant integral time scale shown in Table 1 were computed from the detrended log transformed streamflow anomalies. For the 38 stations considered this integral time scale ranged from 1 to 21 months (Table 1) Klein and Bloom, 1987] . This implies that, for these southern lower elevation basins, spring precipitation is an important influence on stream flow, and that it is produced by similar atmospheric circulation anomaly patterns as in winter. However, correlations with spring SLP are weak for several basins in the north and in higher elevations. Since in spring there is nonnegligible precipitation throughout western North America, and precipitation is still related to the circulation [e.g. Klein and Bloom, 1987] , it is likely that other mechanisms compete to diminish the relation of streamflow with the atmospheric circulation. One competing mechanism is the temperature field, which would likely increase or decrease streamflow independent of precipitation, since temperature and precipitation are only weakly correlated in the Northwest during spring (J. Namias, personal communication); from this we might infer that the circulation patterns associated with temperature anomalies are nearly independent from the ones associated with precipitation anomalies. In support of this interpretation is the observation that the cross-correlation of streamflow with precipitation is weakened and the cross-correlation of streamflow with temperature is positive during spring months for several of the basins. Analyses are not shown for brevity. A multivariate analysis of the circulation, precipitation, temperature, and streamflow is required to better isolate these mechanisms.
There is a remarkably consistent pattern in the north-to-south sequence of coastal basin SLP cross-correlation maps (Figure 6 ). An anomalous low pressure center to the west or northwest in winter provides heavier precipitation and higher streamflow on the coast, while an anomalous high pressure center there results in reduced precipitation and stream flow. This pattern is consistent with 700-mb height versus precipitation relation for periods of 1 day to 1 month along the west coast during winter noted by Klein Table 4b ] have pointed out that there is some tendency of PNA to persist from fall to winter, and ENSO is known to have a high seasonal autocorrelation. More details of long-range predictability using ENSO as a possible predictor are discussed by Madden [1981] , Namias and Cayan [1984] , and Nicholls [1985] . The change in correlation associated with averaging over two seasons appears to yield modestly higher correlations for fall plus winter CNP, particularly for streams in the northwestern United States; the change in correlations for summer plus fall SOI predictors was insignificant. From this sampling the use of summer SOI or fall SOI individually as predictors is evidently as skillful as using the average of the two. Somewhat surprising is the result that the earlier season predictors, summer SOI and fall PNA, achieved nearly as well as the indices from the season closer to the streamflow period, which would allow for longer forecast leads if it holds up on an independent sample.
Spatial Scales of High versus Low Streamflow
The cross-correlations of streamflow anomalies with atmospheric circulation reveal considerable spatial coherence and suggest possible outof-phase remote connections of the streamflow anomalies. To quantify the spatial response of anomalous streamflow to its climatic forcings the December-August streamflow anomalies at each individual station were ordered from lowest to highest and years of the lowest and highest extreme
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Effects of large scale atmospheric circulation anomalies on stream flow are important enough to be clearly seen despite complications that may be introduced by physical characteristics of individual watersheds. Topographic controls on the circulation can complicate the pattern of streamflow variability, however, as evidenced by the remarkable lack of correlation between interior and coastal Alaskan streams. Correlation patterns of streamflow with the SLP field were clearest in winter when the atmospheric circulation is most variable and tends to exhibit largest scale anomalies; significant connections to the SLP field were found at all of the basins. In contrast to the contemporaneous relations linking precipitation to the atmospheric circulation, there is a noticeable lag whereby spring-summer streamflow is related to winter SLP in several of the higher elevation or northern basins. This likely results from melting of the snowpack in these watersheds. Because winter SLP-streamflow correlation patterns resemble those relating the mean circulation to precipitation [e.g., Klein 
